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Abstract: Renewable energy has been commercially popular since it can potentially reduce the harmful 

emissions from burning of fossil fuels which most traditional power generations rely on. The renewable energy 

sources such as photovoltaic (PV) system and wind energy system are among the preferred renewable energy 

technology in many countries. Photovoltaic systems in particular have greater potential for geographical 

locations that receive abundance sunlight throughout the year. Moreover, the PV systems can be made as a 

small scale power plant and installed near to the load centers, thus, being able to avoid transmission congestion 

and line losses. However, the efficiency of the solar PV conversion is quite low typically less than 20%. 

Therefore, the efficiency of the PV system is really an important concern. One of the method of improving the 

efficiency is through the use of maximum power point tracking (MPPT). In this respect, therefore, this paper 

aims to compare the two most popular MPPT algorithms to determine which of them will be the better option 

for a grid-connection PV power system. 
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I. Introduction 
The concerns of using fossil fuels and their harmful gas emissions havepushed the green initiative 

worldwide towards more development and implementation of renewable energy resources such as the wind, 

geothermal, biomass and solar energies. Renewable energy is a good substitute for the nuclear power and fossil 

fuels, and was generally called alternative energy in the 1970s and 1980s[1][2] Renewable energy resources have 

also become more popular as nations around the world are moving from large central power plants towards 

distributed generations due to environmental and economic reasons. There have been many proposals to place 

highly efficient small scale power plants based on renewable energy sources near the load centres to 

simultaneously avoid the transmission congestion and line losses [1].  

However, photovoltaic power generation is expensive compared to other sources of power generation 

because of the equipment needed for its installation. Therefore, the efficiency of PV plants should be carefully 

enhanced in order for the generated power to increase, which will compensate for the power generating cost and 

make the PV power generation to be cost effective. 

Three factors upon which the PV plant efficiency dependsare: to improve the algorithm for the 

maximum power point tracking (MPPT) control which is the most easiest and less expensive technique; to 

improve PV panel efficiency; and to improve the inverter efficiency [3][4]. Additionally, the design of a suitable 

solar-energy systems for a particular location requires the knowledge of the available solar radiation at that 

location and also the load to be connected. The electrical load connected at the output of a PV module will be 

largely dictated by its operating point in addition to the varying irradiance and temperature. The grid-connected 

power might supply many different kinds of loads ranging from simple residential loads to more complex 

industrial loads. These loads could be adjustable dc, sinusoidal ac or high frequency ac. For example, the role of 

power electronics in energy conservation has brought recent development that help users to benefit from reduced 

energy consumption. But as a consequence, these type of loads contribute to the distortion and lead to poor power 

quality [1]. 

This paper aims to review the basic MPPT algorithms after which two (2) selected algorithms namely, 

perturb and observe (P&O) and incremental conductance (Inc-Cond) will be evaluated and analysed to compare 

their performance on a grid-connected PV solar power system. Thorough investigation is envisaged on the 

tracking ability for maximum power under changing irradiance, temperature and load conditions. And also to 
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analyse how their capability is related to the power quality of the generated supply connected to the grid system. 

It describes the methods and then compares them based on their tracking ability for maximum power following 

variations in irradiance and temperature conditions. The simulation test and measurement will be carried out in 

MATLAB Simulink environment. 

 

II. Materials and Methods 
MPPT Algorithms: There are a lot of published literatures on the comparison of MPPT algorithms considering 

the fact that there are so many of them ranging from normal to the improved ones. Though each has its own 

uniqueness, but they all have one objective that is to force the solar PV system to operate at maximum power 

point (MPP) so as to extract the maximum power possible from the PV module. In [6], the authors compared 

Fuzzy Logic Control (FLC) with two hill climbing algorithms, namely the P&O and Incremental Conductance. 

The objective was to test the performance of FLC as compared to the two hill climbing algorithms. An improved 

version of the hill climbing algorithms were later used and finally it was concluded that the P&O performed 

better. The study in [6] used a simplified version of the PV system model and a controlled current source was 

used to replace the power converter to carry out the dynamic MPPT efficiency test. This was done to meet up 

with the European Standard EN 50530. A good attempt was made but the problem with this work is that it lacks a 

detailed model of the converters which may potentially give inaccurate results. 

  Another publication is the work of [7] which compared three improved algorithms: “three-point P&O”, 

“fixed-step Inc-Cond”, and “variable-step Inc-Cond”. They were compared based on implementation simplicity, 

ability to follow variations in irradiance condition and their sensitivity to noise. The photovoltaic system used was 

integrated with several other generation and storage elements. The authors arrived at a conclusion that the “three-

point P&O” is the simplest to implement. However, the system used in [7] had bigger variations of the DC-link 

voltage that the solar converter would not be able to control and this could affect the performance of the MPPT. 

Reference [8] also compares the performance of P&O and Inc-Cond algorithms for maximum power point 

tracking under dynamic weather conditions. The result of their experiment as mentioned by the authors show that 

both P&O and Inc-Cond methods in their fixed step perturbation structure did not yield better efficiency. The Inc-

Cond method had slightly better average performance and 98.5% efficiency compared with 98.3% efficiency 

obtained in P&O.  

Other literatures on MPPT algorithms are “A comprehensive comparison of different MPPT techniques for 

photovoltaic systems” [9], “Comparison of modified incremental conductance and fuzzy logic MPPT algorithm 

using modified CUK converter” [10] and “Energy performance and cost comparison of MPPT techniques for 

photovoltaic and other applications” [11]. In [12], comparative evaluations were conducted on direct, indirect and 

computational MPPT methods for photovoltaic systems. Another set of researchers are those that tried to improve 

the existing MPPT algorithms for better efficiency such as the work of  [13] who implemented an advanced 

Fuzzy MPPT Controller for a Stand-alone PV System, [14] that implemented an adaptive Inc-Cond MPPT 

Algorithm for Photovoltaic Systems, and  [15] who used modified P&O method for  improving  the efficiency of 

the system. 

A hybrid of the basic MPPT algorithms was also reported to achieve high efficiency, for instance, the 

work of [5] who made a hybrid of P&O and FLC algorithm to develop an adaptive perturb and observe-fuzzy 

control in maximum power point tracking for photovoltaic boost dc–dc converter.  

Both P&O and In-Cond algorithms are formulated based on the same principle that involves moving the 

PV operating point in the direction of increasing power [31] and [32] this is the reason why they are termed “hill-

climbing” algorithms. These techniques are easy to implement and have good performance especially at constant 

irradiation. This makes them the most popular MPPT methods [32]. Another advantage of these methods, in 

addition to their simplicity, is the low computational power required. But they have their shortcomings as well, 

they oscillates around the MPP at steady state and sometimes they can track the MPP in a wrong direction when 

the atmospheric conditions changes rapidly [15], [32] and [33]. 

 

Simulation Model: MATLAB® Simulink Function blocksare used to implement the MPPT algorithms. Fig. 1 

shows the simulation model used in this research work.  The solar PV system has the following specifications and 

descriptions: 100 kW PV array at 1000 W/m2, signal builder as inputs to the temperature and irradiance, dc-dc 

boost converter, MPPT controller, 273V - 500V dc-link voltage, three-phase inverter 415V/11kV, 100kVA three-

phase step up transformer, 10-kvar filter and utility grid. 
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Fig. 1. Simulation model of the solar PV power system  

 

  P&O algorithm works based on a perturbation in the duty cycle for the power switch of the dc-dc boost 

converter. The duty cycle is used to change the operating voltage and current of PV array, resulting in the change 

in the operating PV power. If there is an increment in the power, the perturbation should be kept in the same 

direction. The perturbation is continuously retained and the reference duty cycle is further increased by a fixed 

step/amount (ϕ). If the power decreases, then the next perturbation should be in the opposite direction. In this 

P&O method, the sign of the last perturbation and the sign of the last increment in the power are used to decide 

what the next perturbation should be. Once the vicinity of MPP is reached, the algorithm will be going back and 

forth around the MPP. Consequently, it will never stay exactly at MPP; rather, it oscillates around that point 

indefinitely [8].  

  On the other hand, the incremental conductance (Inc-Cond) algorithm is based on the fact that the slope 

of the power curve vs. voltage (current) of the PV module is zero at MPP. The PV power is positive (negative) on 

the left of it and negative (positive) on the right, as can be seen in Fig. 3. By comparing the increment of the 

power vs. the increment of the voltage (current) between two consecutives samples, the change in the MPP 

voltage can be determined, it works by comparing the ratio of derivative of conductance with the instantaneous 

conductance [34]. This idea is derived from the fact that at MPP, the derivative of power with respect to voltage 

(dP/dV) is zero, as given by 

dP/dV=(d(VI))/dV=I+V dI/dV=0                                          (1) 

Rearranging equation (1) gives 

-I/V  =dI/dV≅  ∆I/∆V                                                  (2) 

 

Where ∆I and ∆V are the increments of PV current and voltage, respectively. The basic rules for Inc-Cond 

algorithm are: 

dI/dV  =  -I/V     at MPP                                              (3) 

 

dI/dV  => -I/V  at the left of MPP                                       (4) 

dI/dV  =<-I/V  at the right of MPP   (5) 

 

 

Most of the popular MPPT algorithms which are used in finding the exact MPP of 

photovoltaic system were reviewed. However, only three algorithms were chosen for further 

analysis i.e. P&O, Inc-Cond, and FLC. This is because they are simple and very cost 

effective to be implemented in PV renewable energy system, either for standalone system or 

grid-connected system 

Because of simplicity of the P&O algorithm it was choosing for this work. Fig. 2(a) depicts the flow chart of the 

modified P&O algorithm implemented in this simulation model. 
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Fig. 2. Flow charts for the slope tracking P&O algorithms 

 

The performance of the modified algorithms under irradiation ramps with gradients of 20, 50 and 100 W/m2/s. 

were tested. 

 

 
Fig. 3. Typical P-V and I-V characteristics of PV module 

 

Slope tracking p&o algorithm: From the results of the previous tests under irradiation slopes, the current and 

power do not change smoothly. If the irradiation is increasing following a slope, both the current and power 

increase and vice versa: if the current decreases, then the current and power decrease.  To achieve a modification 

four consecutive samples of the voltage and current are taken into account. The last three increments in the 

power (∆𝑝) and current (∆𝑖) were obtained. An interval of ±20% of the last increment were used to check if the 

average of the current increments is within an interval around the last increment and whether the irradiation is 

changing following a slope, then the reference voltage is forced to move in the right direction. 

The steps taking to determine the value of 𝑉𝑟𝑒𝑓 are: 

𝑉𝑟𝑒𝑓 is 0.10when∆𝑖 oscillates around zero 

𝑉𝑟𝑒𝑓 is 0.05 when ∆𝑖 is smaller than 0.001 

𝑉𝑟𝑒𝑓 is 0.2 when ∆𝑖 is smaller than 0.005 

𝑉𝑟𝑒𝑓 is 0.5 when ∆𝑖 is smaller than 0.01 

𝑉𝑟𝑒𝑓 is 1.5 when ∆𝑖 is smaller than 0.015 

 

 

 

Calculations of Power and 
the increments in I,V,P

Determine∆𝑉𝑟𝑒𝑓 dending  
on ∆I 

Normal P&O algorithm

Slope tracking if necessary

Mathematical Modelling

Set limits in Vref
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III. Results and Discussion 
Standard Test Condition:The first simulation was conducted using the standard test condition (STC) of 25 

o
C 

temperature and 1000 W/m
2
 irradiance. This is to evaluate the performance accuracy of the built PV model at 

STC, and the results are shown in Fig. 4 for both P&O and Inc-Cond methods respectively. As can be seen, both 

control techniques, roughly within 0.5sec, are able to track maximum power i.e. 100kW from the PV array to 

the ac grid. Both algorithms can track accurately the MPP when the irradiance is constant with very little 

oscillation around the MPP. Their performances are quite good with very high efficiency of more than 99% in 

all cases. 

 

 
(a) Slope trackingP&O algorithm 

 
(b) Normal P&O algorithm 

Fig. 4. Output power from solar PV power system at STC 

 

Dynamic Test Condition: The dynamic simulation was carried out to further evaluate the MPPT algorithms and 

their performance under varying irradiance and temperature conditions as shown in Fig. 5. In this case, the 

simulation started with STC (25
o
C, 1000 W/m

2
)from 0sec to 0.3sec. A constant duty cycle of D= 0.5 was used for 

the boost converter. The MPPT was activated at 0.3sec. In order to extract maximum power, the MPPT regulator 

starts to regulate PV voltage by varying duty cycle. In order to follow the European standard EN 50350 insolation 

sequence, the simulation was carried out in stages following the irradiance and temperature changes with time. 

The PV array operated at standard test conditions (25 
o
C, 1000 W/m

2
) up to 0.5 sec. From 0.5sec to 1.0sec, sun 

irradiance was made to drop down from 1000 W/m
2
 to 250 W/m

2
. And the MPPT performance was noted. 

Irradiance of 250 W/m
2 

was maintained up to 1.5sec. From 1.5sec to 6.0sec, sun irradiance was raised back to 

1000 W/m
2
, and then temperature was varied between 50 

o
C. and 0 

o
C. This was done in order to investigate the 

effect of temperature. 

 

 
(a) sun irradiance 
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(b) temperature 

Fig. 5. Variation of sun irradiance and temperature of the PV array used in the dynamic test 

 

  As can be seen from Fig. 6, both P&O and Inc-Condalgorithms are capable of tracking the MPP with 

good accuracy even under changing irradiance and temperature. Their performances are quite good with very 

high efficiency of more than 98% in all cases. The algorithms are quite similar in their tracking ability. It is also 

noted that, P&O algorithm is able to track the MPP for all settings, but the Inc-Cond technique is more responsive 

to dynamic changes with good tracking and negligible oscillation. 

 

 
(a) Normal P&O 

 
(b) Slope tracking P&O 

Fig. 6. Performance of the solar PV power system under dynamic test 

 

Efficiency:Dynamic efficiency of MPPT (𝜂𝑀𝑃𝑃𝑇  ) is calculated as the ratio of power extracted by the system and 

available power as given by 

𝜂𝑀𝑃𝑃𝑇  =
 𝑉𝑃𝑉 (𝑡)×𝐼𝑃𝑉  𝑡 𝑑𝑡
𝑇𝑀

0

 𝑃𝑀𝑃𝑃𝑇 (𝑡)𝑑𝑡
𝑇𝑀

0

 

Where VPV(t) and IPV(t) are the instantaneous voltage and current at the output of the PV array. PMPPT(t) is the 

available maximum power of the PV array with respect to the instantaneous PMPP. TM is the time duration. To 

conduct this test, a signal builder was used to achieve the ramp profile of the EN 50530 standard as found in [35], 

though meant for inverters but could also be applicable to boost converter. This is done to test the dynamic MPPT 

efficiency under rapid changes of weather conditions. Table I gives the summary of MPPT efficiency for both 

algorithms respectively. 

Table I. Dynamic MPPT efficiency 
Efficiency (%) Dynamic Steady state Step changes THD 

M
P

P
T

 

Slope 

tracking 
P&O 

99 99.61% 99.49% 0.07% 

Normal 

P&O 
98.8 99.62% 99.47% 0.20% 
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Power Quality and THD: The quality of the output power with regards to total harmonics distortion 

(THD) and the overall efficiency is compared, and the results are presented in this section. The efficiencies are 

tabulated before as given in Table I. The ac output voltages connected to the ac grid are maintained at the rated 

value of 14kV line-line.  Fig. 7 shows the output ac voltages which are almost sinusoidal waveform, owing to 

effective ac filter used right after the three-phase inverter. THD on the ac voltage is measured as shown in Fig. 8 

for both algorithms respectively. The THD is very low indeed, about 0.07% for the Inc-Cond method and 0.20% 

for P&O method. 

 

 
(a) ac voltages after the step-up transformer under dynamic test 

 
 

(b) Waveform of the ac voltage 

Fig. 7. Output ac voltages 

 

 

 
Fig. 8. FFT analysis on the output ac voltages to estimate THD 

 

IV. Conclusion 
  The performance of two popular algorithms i.e. P&O and Inc-Condhave been investigated and compared 

in the solar PV power system connected to the ac grid. From the results obtained, it is found that Inc-Cond 

algorithm control is slightly better than P&O, however, the difference is quite small. Inc-Cond control gives 

slightly higher overall efficiency, even though the dynamic MPPT efficiency of the Inc-Cond and that of the P&O 

algorithm are very close. Nonetheless, the Inc-Cond is slightly more complicated to design than P&O algorithm. 

And as such P&O algorithm was modified to develop the slope tracking mppt algorithm which improve the 

efficiency of the P&O algorithm. 
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V. Recommendations 
  The findings of this work has created a research gap for future work. The scope of the thesis waslimited 

to simulation work and no practical implementation was conducted to further validate theacquiredresults. More 

over the scope of the work also assumes all PV panels receive the sameamount of irradiance and temperature at 

all times. So to this end, the following recommendationsare made: 

a) A practical lab experiment should be conducted to further testify the research findings ofthis work. 

b) A partial shading condition should be considered in the future work to include allpossible situations. 
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